Abstract
Introduction

18
During the past decades, two-dimensional (2D) ultrasound (US) imaging has been widely used for 19 many clinical applications in a rapid, inexpensive, non-ionizing, and non-invasive manner. However, it 20 has some limitations for clinicians to visualize and analyze three-dimensional (3D) anatomies for 21 diagnosis. 3D US imaging has proven to be able to overcome the limitations by constructing various 3D 22 data sets of tissues or organs for visualization and analysis [1] [2] [3] .
23
Many types of systems that are capable of obtaining 3D US imaging have been developed for various 24 clinical practices in recent years [1, 2] . One of the often-used systems is the freehand imaging with spatial 25 tracking devices, where the US probe is moved by hand in an arbitrary manner. A sequence of irregularly assigned by pixels and those gaps filled using interpolation methods can be clearly observed. Unlike the 22 VNN and PNN methods, the DW interpolation computes each voxel value by assigning the weighted 23 average of a set of pixels falling into a predefined 3D region centred about that voxel. All pixels in the 24 region are weighed by their inverse distances to the voxel centre [7] . As this procedure can be regarded as 25 a mean filtering method that can reduce noises and artefacts, DW interpolation normally provides good 26 results with speckle and shadowing reduction. However, averaging operation can blur image details, 1 especially the boundaries of tissue components with small dimensions. To provide more diagnostic details 2 in 3D US images, Meairs et al. [9] reported a weighted ellipsoid Gaussian convolution kernel to assign 3 the pixel weights. Huang et al.
[10] used a square distance weighted (SDW) interpolation in their 3D 4 imaging system. In comparison with the conventional DW method, these modified DW methods could 5 provide improved results, but image blurring could still not be avoided.
6
On the other hand, as a nonlinear processing technique, the median filter has been successfully used 7 for speckle reduction and edge preservation in ultrasonic images because it has the advantages of 8 removing noises and meanwhile well preserving image details [11, 12] . However, little attention was paid 9 to employing this technique for interpolating voxels, surface contours or intensities on any planes resliced 10 directly from raw B-scan pixels in 3D US systems. In this paper, we propose three weighted median (WM) 11 filters and applied them for the volume reconstruction in our freehand system [10] . A standard median 12 (SM) filter was also used for comparison purposes. A data structure was designed accordingly for storing 
11
The US probe was immersed in a tank filled with water and moved up and down by the 3D translating 12 device. The metal distortions that might be caused by the translating device were not observed and the 
23
Most of the freehand systems employed similar methods for the transformation procedures, as 24 described in [10] . As shown in Fig. 1 , the pixels in a sequence of B-scans could be transformed into the 25 3D coordinate system. The dimensions and grid points of a regular 3D data set should be established in this coordinate system before the reconstruction. With respect to the conventional DW interpolation, a 1 spherical region centred about each voxel grid point with a radius R should be defined, and all pixels 2 transformed into this region should be weighed according to their inverse distances to the voxel centre, 3 and then averaged to obtain the voxel intensity, as demonstrated in Fig. 2(a) . If the radius of the spherical 4 region is set to be large enough, the gaps between raw B-scans shown in Fig. 2 (b) can be well filled as 5 illustrated in Fig. 2 (c).
6
In this study, we adopted the same spherical region centred about each voxel for volume 7 reconstruction. However, we applied median filters, which used the median intensity value of the pixels in 
21
Four median filters were used for calculating voxel intensities in the 3D image reconstruction. The 22 simplest approach was the SM filter which is defined as: were also proposed in this study to improve the interpolation results. Appendix A provides the definition 7
and an example for the WM filter [15] . In these WM filters, the pixels' distances to the centre of each 8 voxel were inversely related to their weights because smaller distance should indicate that the pixel had 9 more probability to be the output value.
10
The first WM filter is named as type-1 distance-weighted median (DWM-1) using the squared inverse 11 distance to calculate the weights, expressed as follow: 
15
The second WM filter is type-2 distance-weighted median (DWM-2), which is written as:
where R 0 is the radius of the predefined spherical region, and d k is the distance between the kth pixel and 18 the current voxel centre.
19
The two DWM methods were similar but not the same. Let us consider a specific pixel very close to 20 the centre of the spherical region. For the DWM-1, the weight assigned to the pixel at the voxel centre 21 would be extremely large, indicating that final output would be dominantly impacted by this pixel. For 22 the DWM-2, the weight of the pixel was limited and not larger than R 2 . Thus the point at the center might 
where σ is a parameter that could be adjusted by the operator, and d k is the distance between the kth pixel Eight different data removing ratios were used in the current evaluation tests, i.e. 0%, 25%, 50%, 7 75%, 100%, 300%, 500% and 700%. For the 0% test, V was calculated using all pixels of the selected B-8 scan. The tests with the data removing ratios of 25%, 50%, 75% and 100% were performed using the 9 correspondingly selected B-scan n. It cannot happen that only a number of pixels instead of a whole 10 B-scan plane are missing in a real-world environment. The evaluation tests using 25%, 50% and 11 75% removal percentage aimed to obtain the interpolation performance of different methods 12 when the gaps between B-scans were very small. For the 300% test, the data from B-scan n-1, B-scan 13 n and B-scan n+1 were totally removed. The 500% test further removed all data from B-scan n-2 and B-14 scan n+2, and the 700% test further removed all data from B-scan n-3 and B-scan n+3. The 100%, 300%, 15 500% and 700% tests aimed to mimic the gaps existing in the B-scan sequence.
16
In our experiments, the distance between any two adjacent B-scans ranged from 0.11mm to 0.56 mm, 17 with a mean of 0.29 mm. Therefore, we used 0.40 mm as the radius R of the spherical neighbourhood for 18 the 0%, 25%, 50%, 75% and 100% tests. To cover the larger gaps for the 300%, 500% and 700% tests, the best interpolation result for each test, the best result using the interpolation errors using four median 7 filters were reduced by 8.0%~24.0% compared with the VNN method, and 1.2%~21.8% compared with 8 the DW method. Table 2 gives the averaged computation time at the 100% test for each interpolation 9 method used in this study. 
13
For the 0% data removing ratio, the VNN and DW methods presented no error as all pixels of the 14 selected B-scan were assigned to their original locations on the slice reconstructed (Table 1) . For the 15 DWM-1, the interpolation error was also 0 because the weights were infinite for the original pixels of edge preservation will be useful for 3D compounding of multiple sweeps [16] [17] [18] , as the correctly 21 preserved edges can be considered as tissue landmarks and used for alignment of different sweeps.
22
No artificial phantom with homogeneous material has been used in the evaluation tests in this study.
23
The reason was that we would like to calculate the interpolation errors globally on the reconstructed slices.
24
As shown in the Fig. 8(a) , if the rectangles in the two images are not matched exactly, there wouldbe interpolation errors only in the edge regions but not in the internal regions because the internal 1 intensities are constant. In contrast, Fig. 8(b) shows another example where the image content is 2 more complicated and the interpolation errors can be computed from internal regions. Therefore, in 3 order to completely evaluate the interpolation performance, more complicated structures of the 4 scanned object will provide more reliable results. Because the phantoms with regular geometry or 5 structures are usually made using homogeneous materials, they may not be so reliable to evaluate 6 the interpolation performance in comparison with real human tissues. 7
To realize the proposed weighted median filters, a data structure was designed to store the array of 8 pixels falling into the spherical neighbourhood centred about each voxel and the corresponding distances of 9 these pixels to the voxel centre. In comparison with the DW interpolation, the two arrays associated with 10 the voxels require more memory during the reconstruction. The larger spherical region or the more voxel 11 grid points defined, the more memory was required. This problem can be solved by increasing the capability 12 of RAM in the PC. Moreover, the proposed median filters required more computation time for sorting the 13 intensities in the pixel array, as demonstrated in Table 2 . In this study, Quicksort sorting algorithm 
